The genetic diversity and population structures of fourteen Carex okamotoi (Cyperaceae) populations in Korea were determined using genetic variation at 25 allozyme loci. The Carex okamotoi species is native to Korea. It is endemic to three mountains (Mt. Taeback, Mt. Sobak, and Mt. Noreong) where it is found at 700~1,500 m above sea level. The percentage of polymorphic loci was 40.0%. Genetic diversity at the species level and at the population level was low (HES=0.106; HEP=0.094), and the extent of the population divergence was relatively low (GST=0.082). Measurement of deviation from random mating (FIS) within the 14 populations was 0.238. An indirect estimate of the number of migrants per generation was 2.78 (Nm=2.78). Analysis of fixation indices revealed a substantial heterozygosity deficiency in some populations and at some loci. Mean genetic identity between populations was 0.986.
Introduction
Many plant populations consist of small groups of genetically related individuals rather than randomly arrayed entities of related and unrelated individuals [17] . Genetic variation of plant populations is also distributed nonrandomly, which has many important consequences for the evolutionary dynamics of these species [23] .
Species that occur as small isolated patches scattered over large geographic areas may experience significant genetic drift and high levels of population divergence. In contrast, species with large, interconnected populations are expected to maintain higher levels of genetic variation within their populations [7] . However, various studies have shown that asexually reproducing plants can be maintained to be variation in the extent of the diversity [3, 11] . Despite the importance of knowledge concerning genetic variation for providing information for conservation purpose and population genetic structure, detailed studies of the levels and distribution of genetic variation are not available for most species in Korea, particularly for plant species which reproduce both sexually and asexually.
The genus Carex is a widespread perennial herb occurring throughout the world, in moist temperate habitats [19] . It is notable that although the Korean species (C. okamotoi) is endemic species, this species has much high within-population genetic diversity and much lower genetic differentiation among populations compared with all Carex species of North America. C. okamotoi reproduces extensively by vegetative rhizomes and potentially by sexually produced seeds. This species is native to Korea. It is endemic to Taeback, Sobak, and Noreong Mountains where it is found at 700~1,500 m above sea level. Leaves of this species are evergreen, basal, 3 ranked, and linear. Flowers are monoecious. Clonal species of C. okamotoi is wind-pollinated outcrossing [16] . No specialized seed dispersal mechanisms were known this species. Bracts subtend each flower. The male flower is surrounded with 1 bract and female flower is surrounded with 2 bracts. The pistil is compound of 3 united carpels. Rhizomes are generally horizontal elongated underground or prostrate stem rooting at the nodes, covered with scale-like modified leaves, and upturned at the apex. Buds in the axils of the scales may grow into aboveground stems. Stems of C. okamotoi are made into mats, straw ropes, and materials for mud brick. Fibrous root systems of this plant form extensive networks in the soil. Recently, the species has become economically important as a protectant of washout. The objectives of this study are to estimate how much allozyme diversity is maintained in the species and to describe how genetic variation is distributed within and among populations of C. okamotoi. 
Materials and Methods

Sampling procedure
Carex okamotoi (Cyperaceae) was collected from fourteen populations in Korea (Fig. 1) . Populations of C. okamotoi are composed four major groups of the western (GL1 and GL2), southern (PS1~5), central (YO1~3), and eastern (TU1~4) regions. The elevations of the sampling sites were estimated to be: GL 763~822 m, YO 1,054~1,440 m, PS 1,430~1,915 m, and TU 721~1,236 m. In southern below GL1 and northern above TU4 areas, we failed to find the species. Young leaves from more than 35 plants were collected from each population ( Table 1 ). The distance between the selected individuals was about 5 m to avoid inclusion of individuals emanating from the same rhyzome. Sampled leaves were stored in plastic bags for several days in a refrigerator until electrophoresis was carried out.
Enzyme electrophoresis
Enzyme extraction, starch gel electrophoresis and enzyme assay were conducted by following the procedures of Soltis et al. [25] . Leaves were homogenized by mechanical grinding to release enzymes from cell and organellar membranes with Tris-HCl grinding buffer-PVP solution as described in Soltis et al. [25] . Electrophoresis was performed with a 12.0% starch gel. Twelve enzyme systems were assayed: acid phosphatase for isozyme analysis. GL1: Bancheon-ri, Sancheong-gun; GL2: Buchun-ri, Hadong-gun; PS1: Goseong-ri, Geesan-gun; PS2: Unheung-ri, Sangju-si, PS3: Sanggeum-ri, Gimcheon-si; PS4: Jisan-ri, Geochang-gun; PS5: Banpo-ri, Hapcheon-gun; TU1: Daechi-ri, Yangynag-gun; TU2: Imgok-ri, Gangneung-si; TU3: Icheon-ri, Samcheok-si; YO1: Geumcheon-ri, Uljin-gun; YO2: Dongmyeon-ri, Bonghwa-gun; Yeong-ri, Yeongdeok-gun.
(ACP), leucine aminopeptidase (LAP), and menadione reductase (MNR), were resolved on System 9 of Soltis et al. [25] ; glucose phosphate isomerase (GPI), isocitrate dehydrogenase (IDH), malate dehydrogenase (MDH), malic enzyme (ME), 6-phosphogluconate dehydrogenase (PGD), and phosphoglucomutase (PGM) were resolved on System 10 of Soltis et al. [25] ; fluorescent esterase (FE), peroxidase (PER), and shikimate dehydrogenase (SKD) were resolved on System (morpholine-citrate, pH 6.1) of Clayton and Tretiak [2] . Gels were run in a refrigerated chamber at 4 o C. The systems 9 and 10 were run at 150 V for 4.5 hr and at 100 V for 5.5 hr, respectively. Morpholine buffer system was run at 200 V for 4.0 hr. For enzymes resolving in more than one zone of activity, the most anodal isozyme is arbitrarily designated '1' and subsequent isozymes were sequentially assigned higher numbers. Likewise, alleles were designated alphabetically with the most anodally migrating allozyme designated 'a'.
Analysis of data
Various standard genetic parameters were estimated using a computer program developed by Loveless and Schnabel (personal communication); percentage of polymorphic loci (P), mean number of alleles per locus (A), effective number of alleles per locus (AE), the number of alleles per polymorphic locus (AP), and gene diversity (HE) [9] . Subscripts refer to species (s) or population (p) level parameters. Observed heterozygosity (HO) was compared with Hardy-Weinberg expected value using Wright's fixation index (F) or inbreeding coefficients [29] . Nei's gene diversity formulae (HT, HS, DST, and GST) were used to evaluate the distribution of genetic diversity within and among populations [20, 21] . The GST coefficient estimates relative population differentiation. In addition, χ 2 -statistics were used to detect significant differences in allele frequencies among populations for each locus [28] . Nei's genetic identity was calculated for each pairwise combination of populations [20] .
The genetic structure within and among populations was also evaluated using Wright's F-statistics: FIT, FIS, and FST. The FIT and FIS coefficients measure excesses of homozygotes or heterozygotes relative to the panmictic expectations within the entire samples and within populations, respectively [29] . In the context of multiallelic loci FST is denoted GST [21] . The mating system of C. okamotoi was estimated using the equation Fe=(1-t)/(1+t) [10] which assumes mating system in equilibrium. Two indirect estimates of gene flow were calculated. One estimate of Nm (the number of migrants per generation) was based on GST [29] and the other estimate was based on the average frequency of rare alleles found in only one population [23] . Correlation between geographical and genetic distance was tested using Mantel's test as advocated by Smouse et al. [24] .
A phenetic relationship was constructed by the neighbor-joining (NJ) method [22] using the NEIGHBOR program in PHYLIP version 3.57 [4] .
Results
Genetic diversity
Ten of the 25 loci (40.0%) showed detectable polymorphism in at least one population, while the remaining fourteen loci (Acp, Fe-2, Gpi-1, Idh-1, Lap-1, Lap-2, Mdh-2, Mdh-3, Mdh-4, Me, Mnr-1, Per-3, Per-4, Pgd-2, and Pgm-2)
were monomorphic in all populations (Table 1 ). Significant differences were found in allele frequencies between regions for 3 loci (Fe-1, Per-2, and Mdh-1). In YO region, Fe-1 is monomorphic while others are polymorphic. In GL and TU regions, Per-2 locus is also the same trend. In PS region, Mdh-1 was shown polymorphic. An average of 32.0% of the loci was polymorphic within populations, with individual population values ranging from 20.0% to 40.0%. The average number of alleles per locus (A) was 1.36 across populations, varying from 1.20 for the population with the lowest number of alleles and 1.56 for the population with the highest number of alleles. The effective number of alleles per locus (AE) was similar at the species and the population level (AES=1. 16; AEP=1.14). The number of alleles per polymorphic locus (AP) was 2.10 across populations, varying from 2.00 for the population with the lowest number of alleles and 2.40 for the population with the highest number of alleles. The mean genetic diversity within populations was 0.094. The Population PS2 had the highest expected diversity (0.130), while the Population TU1 the lowest (0.069). In addition, the correlation between genetic distance and geographic distance was low (r=0.51, p<0.05), and indicated that geographically close populations tended to be genetically similar and about 74% of the variation in genetic distance was caused by unknown factors other than distance.
Genetic structure FIS, a measure of the deviation from random mating within the 14 populations, was 0.238, and ranged from 0.081 (Fig. 2) . groups of the western, southern, central, and eastern regions, revealed by the tree. Within the four major clades, associated between distance and genetic divergence were somewhat more tenuous, the two spatially closest pairs of regions (central and eastern regions) exhibited the highest genetic identities. Within the four east populations, TU2 forms a long cluster with three populations. The same trend is observed in the YO region.
Discussion
Genetic diversity and genetic structure in Carex complex C. okamotoi maintains lower diversity in populations than the average plant species. For example, its genetic diversity at 0.106 is lower than that of temperate-zone species (0.146), species with a reproduction mode that is sexual and asexual (0.138), and species are short-lived herbaceous perennials (0.116) [9] . Other genetic diversity parameters of C. okamotoi were also lower than those of species with similar ecological and history traits. These comparisons suggest that genetic diversity levels of C. okamotoi are lower than that of its associates, the temperate-zone species. In addition, among three Korean Carex species for which there are allozyme data (Table 5 ), C. okamotoi had the lowest total genetic diversity (HT). Rare and/or endemic species may become genetically depauperate, historically or prehistorically, owing to small population size, to strong directional selection for specialized niches, or to a combination of these factors [27] . Karron [14] reported that widespread species had a greater number of polymorphic loci than restricted congeners. For all 9 genera cited by Karron where number of alleles polymorphic loci was calculated, widespread species had more alleles than restricted species. The differences in genetic variability among Carex honoensis, Carex humilis var. nana, and C. okamotoi are consistent with these trends (Table 5 ). Carex species of North America except Carex lasiocarpa have much lower genetic diversity compared with the tree Korean species (Table 5 ). That is due at least in part to low abundance and the ranges of collecting populations. For example, in C. rariflora, the range of western population and eastern population is more than 1500 km. But, in this study, the distance between the two most distinct populations is only 250 km (Fig. 1 ). Vellend and Waterway [26] suggest that geographic separation is more imported than local selection in determining the pattern of genetic diversity in Carex rariflora. Most northern Carex species usually occur in the relatively narrow transition zone between wetland and forest or tundra [26] . Thus, the sizes of populations are relatively small. Thus, low gene flow among isolated populations dues to genetic drift and genetic differentiation among populations [7] .
These Carex are mostly species with relatively large ranges in the North Temperature zones of Asia, North America, and Europe. The northern North American regions were heavily impacted by Pleistocene glaciation, with much of their areas covered by ice [26] . Four regions of C. okamotoi are isolated, which might result from life history traits and historical events (e.g. the Holocene Paleoclimatic history) of the species. Holocene uplifts created the present SobakNoreong Mountains [15] . When North Korea was covered with glaciers throughout the Pleistocene, the South Korea did not experience strong glaciation history period at that time. It is highly probable that the glacial remnants of these Carex species after the glacial warm to the warm Southern Korea Peninsula [15] . Population bottlenecks regulating from founder effects during postglacial colonization may explain the lower genetic diversity in C. okamotoi compared with C. honoensis and C. humilis var. nana in Korea.
Genetic differentiation among populations is principally a function of natural selection, genetic drift, and gene flow among populations via pollen and seed dispersal [23] . Of the total variation observed in C. okamotoi about 6.0% was due to differences among populations (GST=0.082).
Predominantly wind-pollinated outcrossing species have on an average less than 10 % of the genetic variation between populations [9] . This low level of genetic differentiation also suggests that gene flow among population is high (Nm=2.78). The indirect outcrossing estimate reported in this paper (t=0.616) suggests a mixed-mating system in C. okamotoi.
Genetic variation among regions
Plants cannot move to more favorable patches. New genets by break of physically connections among ramets occur in near parental plants. Some genets move considerably with collapse of cliffs. But gene flow by clonal spread may only occur in short distance. Although many of sampled C. okamotoi populations were small and appear to be relatively iso- (Table 4) .
In any case, the main agent of gene flow in this species is probably seed or pollen dispersal by wind. Perigynia possess an eliasome-like body, suggesting that species may be ant dispersal [8] . Plants are frequently found on slopes, often in association with streams. In these areas perigynia may fall downslope and could be carried some distance by snow or water. Morphological adaptations, such as perigynia with long serrated beaks, could favor long-distance by small mammals [5, 6] .
Fragmentation of historically contiguous populations is expected to lead to genetic drift and increased levels of population divergence as population sizes become smaller and gene flow decrease [18] . However, the low allelic diversity and heterozygosity within populations and the low GST estimates show that genetic drift has not yet had a major influence on Korean C. okamotoi populations. Species with naturally isolated, patchy distributions might be expected to exhibit similar genetic structure. In this regard, the pattern of genetic divergence between C. okamotoi regions is notable.
Analyses of subpopulation structure within four of the regions indicated that, on an average, 2.2% of the total genetic diversity for each region was found between subpopulations (Table 4 ).
Although C. okamotoi maintains low level of genetic diversity, the small isolated populations that currently characterize the Korean populations of C. okamotoi coupled with the recent increased destruction of natural habitats for the construction of skiing grounds. It may result in further species extinction of rare species as well as erosion of genetic variation in the future. Thus, environmental factor (a basin between two high mountains) plays a role as an endemic species. The basin is a region of heavy snow in winter and very hot in summer owing to high mountains. In addition, for a student of adaptive evolution it is natural to seek out an extreme environment with strong selection pressures where conspicuous adaptations are likely to be found, such as alpine habits [1, 13] . C. okamotoi is endemic to three ranges of mountains (Fig. 1) , plants must withstand the full force of the winter gales and the abrasive action of drifting snow. Therefore, C. okamotoi has sparsely herbaceous stems each terminated by a leaf rosette and strong roots.
